A moderate halophilic Marinobacter sp. (designated strain DPUZ) able to metabolize 1,3-diphenylurea (DPU) was isolated from a contaminated ephemeral desert stream bed near an industrial complex in the northern part of the Negev Desert (Israel). Metabolism of DPU was accompanied by a transient accumulation of a metabolite identified as aniline using gas chromatography^mass spectrometry, thus indicating a metabolic pathway involving cleavage of the urea bridge between the phenyl structures. Aniline was further degraded without detection of other metabolites suggesting a complete degradation. Strain DPUZ grows at NaCl concentrations between 0.2 and 2.6 M with an optimum at 0.51 M. It grows at a temperature range between 20 and 40 ‡C with an optimum at 35 ‡C. This is the first study on bacterial metabolism of DPU. ß
Introduction
As a consequence of agricultural practice and accidental spillage during production of chemicals such as propellants, various phenylurea compounds are detected as environmental pollutants [1^3] . Studies on the environmental fate of phenylurea compounds have mainly been focused on phenylurea herbicides [4, 5] , and little is known about the fate of diphenylurea compounds in contaminated environments. For related compounds such as diphenylamine, biodegradation is the predominant mechanism for dissipation from environments such as sewage sludge [6] and marine sediments [1, 2] . The aim of this study was to isolate and characterize diphenylurea-degrading organisms from a contaminated desert environment, choosing 1,3-diphenylurea (DPU) as a representative model compound.
By inoculating sediment from a ephemeral desert stream bed into a mineral medium provided DPU as sole source of carbon, nitrogen and energy, we enriched and isolated a Marinobacter sp. The stream was contaminated with industrial wastewater and located in the vicinity of an industrial area located in the northern part of the Negev Desert in Israel. Among the most abundant contaminants of the wastewater were various diphenylurea compounds including DPU. This is the ¢rst isolation of a DPU-degrading bacterium and attempt to elucidate the metabolic pathway for DPU.
Materials and methods

Media
A carbon-and nitrogen-free medium (MM) was used for the enrichment and degradation studies. MM contained (l 31 ): 0. Bacto Agar (Difco, Detroit, MI, USA), and DPU was added to the medium just before preparation of the plates. R2A (Remel, Lenexa, KS, USA) supplemented with 30 g l 31 NaCl (R2A-salt) was used for enumeration of cells.
Enrichment and isolation
Sediment was sampled from a small stream located in the vicinity of an industrial area in the northern part of the Negev Desert (Israel) [7, 8] . Sediments from three different locations approximately 500 m apart were sampled from the wet part of the stream bed in July 1999. An amount of 5 g wet sediment was inoculated into 50 ml MM with 100 mg l 31 DPU and incubated at 25 ‡C under either oxic or anoxic conditions. Oxic experiments were preformed in 250-ml Erlenmeyer £asks, and the anoxic experiments in 160-ml rubber-sealed serum bottles with a gas phase of 94% N 2 and 6% H 2 placed in a anaerobic chamber (Forma Scienti¢c, Marietta, OH, USA). Abiotic controls were inoculated with autoclaved sediment (121 ‡C, 20 min). After degradation of DPU was observed, subsamples (10% vol.) were transferred to fresh DPU-containing MM medium. After three transfers the enrichment culture was plated on MMA containing 20 mg l 31 DPU. Following incubation for 2 weeks a DPU-degrading isolate (designated strain DPUZ) was isolated. Strain DPUZ was passed from DPU-containing MM to R2A-salt three times to ensure purity.
Characterization of strain DPUZ
A stock of strain DPUZ was maintained at 380 ‡C in 40% glycerol. Before each experiment, strain DPUZ was thawed and grown in 250-ml Erlenmeyer £asks with 100 ml RM on a platform shaker (180 rpm) at 30 ‡C. Cells were harvested in the late exponential growth phase by centrifugation (10 min, 3500Ug), washed twice in MM and inoculated to a ¢nal density of 1U10 6 cells ml 31 . Temperature and salinity ranges for growth of strain DPUZ in RM were determined. Optimal salinity was estimated by changing the NaCl concentration from 10.0 to 150.0 g l 31 (0.17^2.57 M). Growth was measured at temperatures from 20.0 to 45.0 ‡C ( þ 0.1 ‡C) in a Termaks incubator (model KBP 6395, Lytzen Lab, Denmark). Cell density was monitored by optical density measurements (600 nm) (Model 8452A Spectrophotometer, Hewlett-Packard, Palo Alto, CA, USA) during incubation for up to 10 days. Speci¢c growth rates were calculated from a minimum of four data points measured in the exponential growth phase.
An identi¢cation of strain DPUZ based on fatty acid analysis, partial sequencing of the 16S rRNA gene (477 bp) and di¡erent physiological tests were performed by Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany). The substrate utilization pattern was tested in MM. Alignment of the partial 16S rRNA sequence was performed with sequences from the GenBank Database (National Center for Biotechnology Information, USA) using the BLAST algorithm [9] . The partial 16S rRNA sequence of strain DPUZ has been deposited in the GenBank Database under the accession no. AF461181, and the strain has been deposited at the Institute Pasteur Collection (Paris, France) under the number CIP107463.
Metabolism of DPU
Degradation was estimated in aliquots of sediment slurries or culture media by a reverse-phase high-performance liquid chromatograph (HPLC) equipped with a diode array detector (model DAD-400, Kontron Instruments, Milan, Italy) and a Supelco LC-18 column (Supelco, Bellfonte, PA, USA) with a mixture of 65% methanol and 35% ammonium acetate bu¡er (18 mM) as the mobile phase (£ow rate 1.5 ml min 31 ). Prior to analysis the aliquots were diluted 1:1 with DMSO to ensure dissolution of DPU crystals, and centrifuged (10 min, 14 154Ug) before HPLC analysis of the supernatant. To identify a DPU metabolite detected by HPLC the culture medium was analyzed by gas chromatography^mass spectrometry (GC^MS) (Magnum, Finnigan Mat, San Jose, CA, USA). Compounds were separated using a DB-5 column (30 mU0.32 mm, inside diameter of 0.25 Wm) with an initial temperature of 50 ‡C for 10 min increased to 280 ‡C at a rate of 3 ‡C min 31 . Identi¢cation was made by comparison with a GC^MS spectrum obtained with aniline (99.8% purity, Acros Organics, NJ, USA).
Results
Enrichment and isolation
Sediment was inoculated into a DPU-containing mineral medium and incubated under oxic and anoxic conditions. Degradation of DPU was observed in oxic slurries after 40 days. No degradation was observed in the anoxic slurries or in the autoclaved controls within 4 months (data not shown). Oxic DPU-degrading slurries were subcultured several times by transferring aliquots to fresh DPU-containing MM before plating on MMA. Following 2 weeks of incubation a DPU-degrading isolate was obtained (designated strain DPUZ).
Characterization and identi¢cation of strain DPUZ
Alignment of a partial 16S rRNA gene sequence (477 bp) from strain DPUZ showed 100% similarity to the type strain of Marinobacter hydrocarbonoclasticus [10] . A whole-cell fatty acid pro¢le showed 26.5% 18:1g9c, 23.6% 16:0, 11.2% 16:1g9c, 10.1% 12:0 3OH and 5.5% 12:0 as the dominant fatty acids, furthermore indicating that strain DPUZ is related to M. hydrocarbonoclasticus [11] . Di¡erent physiological tests con¢rmed these results, however, the substrate utilization pattern di¡ers on glucose, adipate, citrate, gluconate, and hydroxybenzoate (Table 1) . Besides the substrates presented in Table 1 strain DPUZ utilized n-octanoic acid and malate and was unable to utilize n-decanoic acid, phenylacetate, Lphenylalanine, glycine betaine, ethanolamine. Growth on agar was restricted to R2A-salt and MMA (both contained 30 g l 31 NaCl). No growth was observed in R2A, Bacto nutrient agar (Difco, Detroit, MI, USA) or LuriaB ertani agar made according to the manufacturer's instructions. When grown on R2A-salt strain DPUZ formed white colonies within 24 h at 30 ‡C.
Fast and exponential growth of strain DPUZ to an optical density of 0.2 (600 nm) was observed in RM, and growth data from the exponential phase were used to calculate speci¢c growth rates under various temperatures and NaCl concentrations (Fig. 1A,B) . Growth was observed at temperatures from 20 to 40 ‡C with an optimum at 35 ‡C (NaCl 30 g l 31 ) (Fig. 1A) . The strain grows at NaCl concentrations ranging from 20 to 130 g l 31 with an optimum at 30 g l 31 (Fig. 1B) . No growth was observed at 150 g l 31 NaCl within 10 days, however viability was maintained, as shown by a rapid growth after transfer of subsamples to RM with 30 g l 31 NaCl. In contrast, no viable cells were recovered after inoculation in RM without NaCl, either by plating on R2A-salt or transfer of subsamples to fresh RM with 30 g l 31 NaCl. Phase-contrast microscopy strongly indicated that strain DPUZ lysed by this treatment. The speci¢c growth rate under optimal conditions in RM (35 ‡C, NaCl 30 g l 31 ) was 0.33 þ 0.03 h 31 giving a doubling time of 2.13 þ 0.20 h (n = 3). Growth of strain DPUZ was con¢rmed at pH 7.0^12.0, however precipitation of components in MM disrupted exact growth measurements and the pH range for strain DPUZ remains unknown. The results however indicate that strain DPUZ had optimum growth at pH 7.5 (data not shown). 
Metabolism of DPU by strain DPUZ
A constant DPU degradation rate by strain DPUZ was observed in MM ( Fig. 2A) (Fig. 2B) . At day 9 growth of strain DPUZ corresponding to 3.7 ( þ 1.1)U10 6 , 4.2 ( þ 1.6)U10 6 and 4.0 ( þ 0.7)U10 6 cells ml 31 (n = 3) were observed with initial DPU concentrations of 100, 50, and 25 mg l 31 , respectively (Fig. 2B) . In comparison 1.1 ( þ 0.2)U10 6 cells ml 31 were detected in controls containing only DMSO (Fig. 2B) . Complete dissipation of DPU (100 mg l 31 ) within 24 h was observed under optimal conditions when strain DPUZ was grown in RM supplemented with DPU (data not shown). HPLC analysis of culture media during DPU metabolism by strain DPUZ revealed transient accumulation of a metabolite in trace amount. This metabolite was subsequently identi¢ed as aniline by GC^MS analysis (Fig. 3) .
Discussion
Biodegradation of DPU was observed in sediment sampled from an ephemeral desert stream contaminated with industrial wastewater. The stream is located above a fractured chalk aquifer with some fractures exposed directly to the stream bed [7] , potentially leading to a fast and widespread transport of contaminants to the groundwater. Inoculating sediment into a mineral medium containing DPU as sole carbon and nitrogen source leads to the enrichment and isolation of a Marinobacter sp.
Marinobacter spp. are ubiquitous in the marine environment [12] and several strains with broad catabolic capacities have been enriched from coastal sediments [10,13^15] , the deep-sea £oor [12, 16] and the ballast water of a tanker ship [17] . Recently a Marinobacter sp. (designated strain MB) was isolated from a hypersaline lake in the Sinai desert in Egypt [18] , which together with our results indicates that Marinobacter spp. are more than strictly marine bacteria. Within the genus Marinobacter two species have so far been described, M. hydrocarbonoclasticus [10] and M. aquaeolei [14] . A third Marinobacter species has been suggested, 'M. arcticus' [17] , however this name has never been validated. Sequencing of the 16S rRNA gene and fatty acid analysis indicate that strain DPUZ is a M. hydrocarbonoclasticus or alternatively represents a member of a closely related species. No experiments were performed with the type strain of M. hydrocarbonoclasticus in this study, and it remains to be elucidated whether DPU metabolism is a common feature of M. hydrocarbonoclasticus and closely related strains.
The ephemeral desert stream from where strain DPUZ was isolated has £uctuating salinity, ranging from the dry stream bed with salt precipitated on the exposed sediment, to the short winter season where the stream is £owing and the salinity is reduced. Sustaining activity in this changing desert environment requires the ability to survive and proliferate within a range of environmental conditions. Several Marinobacter spp. tolerate a wide range of NaCl concentrations (e.g. [13, 14, 16] ) in contrast to the more narrow salt range generally described for marine bacteria [19] . The broad salt range suggests that adaptation to changing saline conditions is a characteristic feature of the genus Marinobacter. The type strain of M. hydrocarbonoclasticus isolated from marine coastal sediment [10] grows at NaCl concentrations from 0.1 to 3.5 M with an optimum at 0.6 M. Strain DPUZ grows in a slightly narrower range of NaCl concentrations and with a lower optimum (0.22 .6 M with an optimum at 0.51 M). Strain DPUZ can be categorized as a moderate halophilic bacterium [19] due to the broad range of NaCl concentrations and the absolute requirement for NaCl. Lysis of cells in the absence of Na þ ions has been described for M. hydrocarbonoclasticus [10] and another closely related strain [16] . A similar requirement might explain the lysis of strain DPUZ observed without NaCl in the media. The Marinobacter sp. strain MB isolated from the Sinai desert was also closely related to M. hydrocarbonoclasticus based on 16S rRNA similarities, however strain MB did not require NaCl for growth [18] in contrast to both strain DPUZ and the type strain of M. hydrocarbonoclasticus.
The occurrence of aniline-based metabolites as endproducts or intermediates during bacterial metabolism of phenylurea or related compounds has previously been described [1,2,4^6] . The GC^MS analysis of culture liquid indicates that the metabolism of DPU by strain DPUZ involves cleavage of the urea bridge between the phenyl structures giving rise to aniline. Drzyzga and Blotevogel [2] constructed a coculture consisting of a Desulfovibrio sp. co-metabolically transforming diphenylamine to aniline, and a Desulfobacterium anilini utilizing this metabolite resulting in complete mineralization of diphenylamine. Microbial communities may readily adapt to degradation of aniline, and several aniline-degrading bacteria have been isolated from various environments (e.g. [20, 21] ). Strain DPUZ degraded aniline further and no DPU, aniline or unidenti¢ed peaks were measured at the end of the experiments. The production of approximately the same amount of cells without exponential growth after metabolism of 25^100 mg l 31 DPU (Fig. 2) and the fact that DPU degradation was stimulated by casamino acids strongly indicate that strain DPUZ has unknown requirements limiting the growth in DPU-supplemented MM.
In conclusion, we isolated a moderate halophilic Marinobacter sp. able to metabolize DPU from a desert stream bed in the Negev Desert. The metabolism of DPU involves cleavage of the urea bridge giving rise to intermediate occurrence of aniline, which subsequently was further degraded.
